Glutamate is a major free amino acid in cyanobacteria, but its transport properties remain largely unknown. In this study, we found that a halotolerant cyanobacterium, Aphanothece halophytica, contained a sodium dependent glutamate transporter (ApGltS). The deduced amino acid sequence of ApGltS exhibited low homology (18-19% identity) to GltS from Synechocystis sp. PCC 6803 (slr1145) and Escherichia coli. The predicted ApGltS consisted of 476 amino acid residues with a molecular weight of 50,976 Da. As analysed by hydropathy profiling, ApGltS contains 11 transmembrane segments. The ApgltS gene was isolated and expressed in E. coli ME9107, which is deficient in glutamate uptake. ME9107, expressing ApGltS, took up glutamate and its rates increased with increasing concentrations of NaCl. Kinetics studies revealed that ApGltS is a high-affinity glutamate transporter with a K m of about 5 M. The presence of 0.5 M NaCl in the assay medium increased V max by about 3-fold. Competition experiments revealed that glutamate, glutamine, aspartate, and asparagine inhibited glutamate uptake. The level of mRNA for ApgltS was higher in A. halophytica grown at high salinity. Under high salinity conditions supplemented with glutamate, A. halophytica showed a significant increase in intracellular glycine betaine.
Cyanobacteria are oxygenic photosynthetic bacteria. They synthesize all needed organic molecules using only simple inorganic compounds. 1) Not only the uptake of inorganic nitrogen such as nitrate and ammonium, but also uptake of amino acids play important roles, in nitrogen assimilation. 2, 3) Indeed, evidence of amino acid uptake by the marine cyanobacterium Prochlorococcus has been found.
3) The occurrence of diel changes in internal pools and the efflux of glutamate and glutamine in colonies of the non-heterocystous diazotrophic cyanobacterium Trichodesmium thiebautii have also been reported, 2) but the transporters involved have not been identified.
In Escherichia coli, three glutamate transport systems are known: (i) a binding-protein dependent sodiumindependent system; (ii) a binding-protein independent sodium-independent system (EcGltP), and (iii) a binding-protein independent sodium-dependent system (EcGltS). [4] [5] [6] By contrast, in the thermophilic bacteria such as Bacillus stearothermophilus, only one glutamate transport system BsGltT is present. 7) As for cyanobacteria, amino acid transport systems have been studied in heterocyst-forming Anabaena sp. PCC 7120 8) and a unicellular cyanobacterium, Synechocystis sp. PCC 6803. 9) In Anabaena sp. PCC 7120, three amino acid transporters (N-I, N-II, and Bgt) have been reported, 8) all of them ABC transporters. N-I and N-II are neutral amino acid permeases with broad substrate specificity, and Bgt is a basic amino acid transporter. In Anabaena sp. PCC 7120, no glutamate specific transporter has been found. Glutamate uptake appears to be mediated by the N-I and N-II systems. In contrast, in the case of Synechocystis sp. PCC 6803, four transporters (Nat, Bgt, GltS, and Gtr) have been reported. 9) The Nat system transports histidine and neutral amino acids. GltS is a monocomponent sodium-dependent glutamate transporter. Gtr is a member of the C4-dicarboxylate transport family. Excepting GltS, the other three transport systems are of the ABC type. Studies of the inactivation of these genes suggest that the uptake of glutamate in Synechocystis sp. PCC 6803 is mediated by GltS and Gtr, although the involvement of yet another transporter has been suggested. 9) However, the molecular properties of GltS have not been explored in any cyanobacterium.
Aphanothece halophytica (A. halophytica) is a halotolerant cyanobacterium isolated from the Dead Sea. It can grow at a wide range of NaCl concentrations (0.2-3.0 M) and pH values (pH 7-11). 10) In the present study, we found that A. halophytica had a unique monocomponent GltS transporter (ApGltS) that exhibited low homology to EcGltS and SyGltS, and essentially no homology to the proton coupled glutamate/aspartate transport systems of E. coli (EcGltP), Pyrococcus horikoshi (PhGlt), and Bacillus (BsGltT). ApGltS was found to be a novel Na þ -induced glutamate uptake system.
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Materials and Methods
Strains and growth conditions. A. halophytica was grown photoautotrophically in BG 11 liquid medium plus 18 mM NaNO 3 and Turk Island salt solution containing 0.5 M NaCl at 30 C with shaking (160 rpm) under continuous fluorescent white light (40 mE m À2 s À1 ). 10, 11) To determine the effects of salt stress, A. halophytica cells were transferred to new BG 11 medium containing various concentrations of NaCl and exogenous glutamate. Growth was monitored by measuring the optical density at 750 nm (OD 750 ).
E. coli DH5 cells were grown at 37 C in Luria-Bertani (LB) medium. E. coli strain ME9107, which is analogous to JS5412 7) and deficient in the uptake of glutamate was obtained from Japanese National Institute of Genetics (Mishima, Shizuoka, Japan). ME9107 were grown at 37 C in minimal medium A (MMA) containing 0.2% glucose and ampicillin (50 mg/mL).
Isolation of the glutamate transporter gene from A. halophytica. ApgltS was amplified by PCR using A. halophytica genomic DNA as template and primer set ApgltSNcoI-F/ApgltSSalI-R. The sequences of ApgltSNcoI-F and ApgltSSalI-R were 5 0 -TCCCATGGACACCAC-TAACTTAGGATTA-3 0 , containing the NcoI restriction enzyme site, and 5
0 -CGTTCGACCATCAAAGTTTTCGGTTTAAC-3 0 , containing the SalI restriction enzyme site, respectively. The amplified 1,439 bp DNA fragment was ligated to the EcoRV of pBlueScript SKþ (Stratagene, La Jolla, CA) and sequenced. Next, the inserts were transferred into the NcoI/SalI sites of pTrcHis2C (Invitrogen, Carlsbad, CA). The resulting plasmid, pApgltS harboring ApgltS, was fused in-frame to six histidine residues at the C terminus and transformed to E. coli DH5 and then to ME9107 cells.
Transport assays. The E. coli ME9107 cells transformed with pTrcHis2C or pApgltS were grown overnight at 37 C in MMA (pH 7.0) containing 0.2% glucose and ampicillin (50 mg/mL) and were inoculated into the same fresh medium with an OD 620 of 0.05. Isopropyl -D-1-thiogalactopyranoside (IPTG) (1 mM) was added. After 3 h of incubation, the cells were harvested, washed twice, and suspended to an OD 620 of 1.0 in 100 mM sodium phosphate buffer pH 7 containing 5 mM glucose. Subsequently, the cell suspension was shaken for 5 min at 37 C, and uptake was initiated by the addition of 0.1 mM [U-
14 C] glutamate. For K m and V max determination, the concentrations of glutamate were varied from 0.5 to 100 mM. Various co-factors, cations, and anions were added at the indicated concentrations. The cells were collected on 0.2-mm cellulose nitrate filters (Advantec MFS, Chiba, Japan). The filters were washed with 3 mL of buffer (of the same salinity as the assay buffer), and the radioactivity trapped in the cells was measured with a liquid scintillation counter (Model 3200C; Aloka Instruments, Tokyo). Competition for glutamate uptake was imposed in the presence of a 100-fold molar excess competitors. Radiolabeled [U-
14 C] glutamate (55 mCi/mmol) was purchased from American Radiolabeled Chemicals (St. Louis, MO).
Reverse transcriptase-PCR (RT-PCR) analysis. RT-PCR was carried out as described previously. 12) A culture of A. halophytica (25 mL, OD 750 ¼ 0:8) was harvested. The cell pellet was used for RNA extraction by the SDS-phenol method. cDNA was synthesized from 1 mg of total RNA using RT M-MLV (Takara, Ohtsu, Japan). Portions (20 mL) of synthesized cDNA were diluted 2 times with doubledistilled H 2 O, and 2-mL aliquots were subjected to PCR in a reaction volume of 50 mL. Specific primer sets, ApgltSNcoI-F (5 0 -TCCCATGG-ACACCACTAACTTAGGATTA-3 0 ) and ApgltS-RTPCR-500R (5 0 -ATTCCTGCAGCCGTTCCATG-3 0 ), were used for PCR at a final concentration of 0.4 mM in the PCR mixture. PCR reactions were performed using AmpliTaq Gold (Applied Biosystems, Foster City, CA) following the manufacturer's protocol. The PCR conditions were denaturation at 95 C for 3 min; 27 amplification cycles with denaturation for 10 s at 95 C, annealing for 30 s at 55 C, and extension for 45 s at 72 C. The resulting reaction mixtures were subjected to 1% agarose electrophoresis and were visualized by staining with ethidium bromide. The intensities of the bands were quantified by ImageJ software, and were normalized by setting the signals from the cells before salt stress treatment to 1.0.
Other methods. The nucleotide sequences were determined using an ABI310 genetic analyzer (Applied Biosystems, Foster City, CA). Cellular ions were determined with a Shimadzu PIA-1000 personal ion analyzer (Shimadzu, Kyoto, Japan). Protein was determined by Lowry's method, as described previously.
13) SDS-PAGE and Western blot analysis were carried out as described previously. 14) An antibody raised against the six-His tag was purchased from R&D Systems (Minneapolis, MN). The hydropathy profile of the proteins was predicted by a computer-assisted by the method of Kyte and Doolittle (1982) .
15) The transmembrane (TM) structure of ApGltS was predicted using computer program TopPredII. 16) Glycine betaine was determined by mass spectroscopy (KOMPACT MALDI IV tDE, Shimadzu/ Kratos, Kyoto, Japan) using d 11 -betaine as internal standard.
17) The nucleotide sequence data for ApgltS are available in the DDBJ database under accession no. AB704923.
Results
Exogenous addition of glutamate enhanced the growth of A. halophytica cells
As Fig. 1A shows, when A. halophytica cells were grown normally in growth medium containing 0.5 M NaCl, the growth rates of the cells increased with increases in glutamate even to 50 mM. The effects of glutamate on cell growth were evident at high salinity (2.0 M NaCl), as shown in Fig. 1B . These results indicate that glutamate was taken up by A. halophytica cells and enhanced growth. The beneficial effects of glutamate on cell growth were more obvious when cells were grown at high salinity. The growth inhibitory effect of high salinity (2.0 M NaCl) was eliminated when 50 mM glutamate was present in the medium.
Cloning of the putative sodium glutamate transporter (gltS) gene from A. halophytica Hitherto, SygltS (slr1145) of Synechocystis sp. PCC 6803 was the only known glutamate transporter in cyanobacteria. 9) We searched for the homologous gene in A. halophytica, and based on shotgun sequencing of A. halophytica, we found that A. halophytica contains a gene (ApgltS) which has low homology to SygltS (slr1145) of Synechocystis sp. PCC 6803. The ApgltS gene was 1,431 bp long and encoded 476 amino acid residues. BLAST searches revealed the presence of homologous genes in marine cyanobacteria, including Synechococcus sp. PCC 7002 (SYNPCC7002 A1186), Synechococcus sp. WH7803 (SynWH7803 2145), and Prochlorococcus marinus MIT9313 (PMT1553), and also in Synechocystis sp. PCC 6803 (slr0625) and Thermosynechococcus elongatus BP-1 (tlr1046). slr0625 has not been mentioned previously. The phylogenetic tree of these proteins together with proton-coupled glutamate/aspartate transporters from E. coli (EcGltP), Pyrococcus horikoshi (PhGlt), and Bacillus (BsGltT) is shown in Fig. 2A . ApGltS belongs to a different group from those of proton coupled glutamate/aspartate transporters EcGltP, PhGlt, and BsGltT. Of the glutamate transporter proteins shown in Fig. 2A , ApGltS exhibited highest homology to SYNPCC7002 A1186 (57% identity), followed by slr0625 and tlr1046 (56% identity), SynWH7803 2145 (40% identity), PMT1553 (34% identity), slr1145 (19% identity), EcGltS (18% identity), and cce 3497 (Cyanothece sp. ATCC 51142) (17% identity). The numbers of amino acid residues of slr1145, EcGltS, and cce 3497 were 401-402, whereas those of GltS from the other cyanobacteria were 472-487. Therefore, cyanobacterial GltS can be classified into two groups at least. One is the group of ApGltS and the other the group of slr1145, which shows high homology to EcGltS (39% identity).
To date, topological and site-directed mutagenesis studies of sodium-dependent GltS have been carried out only for EcGltS. 18, 19) Hence, we compared the amino acid sequences of three typical GltS transporters, ApGltS, SYNPCC7002 A1186, and EcGltS, as shown in Supplemental Fig. S1 (see Biosci. Biotechnol. Biochem. Web site). Hydropathy profiling of ApGltS (Fig. 2B) indicated that the transporter folds into two domains, five or six transmembrane segments and a re-entrant or pore-loop each. 18, 19) However, ApGltS and SYNPCC7002 A1186 contained an extra transmembrane (the 11th TMS) in the C-terminal region ( Fig. 2B and Supplemental Fig. S1 ), suggesting the different localization of C-terminal tail among EcGltS, SYNPCC7002 A1186 and ApGltS, i.e., periplasmic space for the former and cytosolic space for the latter two. The GGHGT motif in the putative re-entrant or pore-loop between the fourth and fifth TMS was completely conserved among the three transporters, whereas the putative re-entrant loop in the C-terminal half (GVTAT motif) matched well between SYNPCC7002 A1186 and ApGltS but not EcGltS (Supplemental Fig. S1 ).
Expression of ApGltS in E. coli and its transport properties
To determine the functional properties of ApGltS, its gene was expressed in E. coli mutant ME9107 cells that were deficient in glutamate uptake (and hence cannot use glutamate as sole carbon source). As shown in Fig. 3A , ApGltS was expressed in ME9107 cells transformed with pApgltS after induction by IPTG with an optimal concentration of 1 mM, whereas no detectable band was observed in ME9107 transformed with pTrcHis2C. Its molecular mass was about 52 kDa, which coincided with the calculated value of 50,976 Da.
Next we examined the kinetic properties of ApGltS. No measurable uptake of [U-
14 C] glutamate was observed for the ME9107 cells transformed with pTrcHis2C (data not shown). The ME9107 cells transformed with pApgltS took up glutamate (Fig. 3B) . Exogenous addition of NaCl to the assay medium significantly increased the uptake of glutamate, with maximum uptake at 0.5 M NaCl. NaCl ! 1 M decreased glutamate uptake as compared to control, with no NaCl (Fig. 3B) . Since the assay medium contained 100 mM sodium phosphate, the concentration of Na þ must have been 161 mM higher at pH 7.0 in the assay medium than the indicated values. Co-factors such as sorbitol, mannitol, and sucrose were ineffective (Fig. 3C) were also ineffective, indicating that ApGltS is a Na þ -dependent glutamate transporter. In addition, the use of Tris-HCl buffer instead of sodium phosphate buffer resulted in a complete loss of glutamate uptake activity. Figure 4 shows the effects of the glutamate concentration on the uptake rate. Glutamate uptake rates increased with increases in glutamate and showed saturation curves (Fig. 4A) . The saturation curve of glutamate uptake at pH 7.0 increased with increases in the concentration of NaCl (0-0.5 M NaCl) (Fig. 4A) . From double reciprocal plots of the glutamate transport kinetics of pApgltS/ME9107 cells, the K m and V max values were determined. The K m values were about 5.0-5.3 mM, about 10-fold lower than that of SyGltS (slr1145) (K m ¼ 49 mM) from Synechocystis sp. PCC 6803. 20) The V max values increased with increases in the NaCl concentration (Fig. 4B) . At each indicated concentration of NaCl, an extra 161 mM Na þ was present due to the use of 100 mM sodium phosphate buffer, pH 7.0, in the uptake assay.
Kinetic properties of ApGltS in ME9107 cells

Effect of pH and competitors on glutamate uptake by ApGltS in ME9107 cells
We examined the effect of pH on glutamate uptake by ApGltS in ME9107 cells. ApGltS took up glutamate over a wide range of pH 5.5-10.5 irrespective of the concentration of NaCl in the assay medium (Fig. 5A) . The optimum pH was about 8.5 (Fig. 5A) .
To determine the specificity of uptake by ApGltS, we performed competition experiments. [U-
14 C]glutamate uptake by ApGltS in the ME9107 cells was inhibited by about 90% when 100-fold cold glutamate was included in an assay medium containing 0.5 M NaCl (Fig. 5B) . Aspartate strongly inhibited glutamate uptake, by 80%. Asparagine and glutamine moderately inhibited glutamate uptake, by about 40-50%. In contrast, no other compound tested inhibited glutamate uptake by ApGltS (Fig. 5B) . These results strongly suggest that ApGltS transports not only glutamate but also aspartate, glutamine, and asparagine.
The expression of A. halophytica GltS was upregulated under salinity stress Next, we examined the effect of salt stress on gene expression of ApgltS in A. halophytica. RT-PCR analysis revealed that expression of ApgltS was increased by 3.7 and 3.5-fold after 2 and 6 h of exposure of A. halophytica to a high salinity medium containing 2.5 M NaCl, respectively (Fig. 6A) . On the other hand, the expression of rnpB, a housekeeping gene encoding ribonucleoprotein, did not change. These results indicate that expression of ApgltS is induced under salt stress. Figure 6B shows the contents of glycine betaine in A. halophytica grown in low and high salinity media containing various glutamate concentrations. Increasing the glutamate concentration resulted in a slight increase in glycine betaine in A. halophytica when grown under low salinity. In contrast, increasing the glutamate concentration caused a large increase of glycine betaine in cells grown under high salinity. This suggests that glutamate taken up by salt-induced ApGltS contributed to an increase of glycine betaine synthesis.
Discussion
Based on the above data, it was found that A. halophytica contains a unique sodium-dependent glutamate transporter that exhibited low homology to SyGltS (slr1145) and EcGltS. The number of amino acid residues of ApGltS was larger than that of SyGltS (slr1145) and EcGltS (Fig. 2) . In addition, ApGltS contained an extra transmembrane in the C-terminal region. BLAST searches revealed the presence of homologous genes in several cyanobacteria, including Synechococcus sp. PCC 7002 (SYNPCC7002 A1186), Synechococcus sp. WH7803 (SynWH7803 2145), Prochlorococcus marinus MIT9313 (PMT1553), Synecho- A, Expression of ApGltS. Ap-GltS expressing ME9107 cells were grown at 37 C in MMA (pH 7.0) containing 0.2% glucose, ampicillin (50 mg/mL), and the indicated concentrations of NaCl until the optical density at 620 nm reached 0.3, and then the indicated concentrations of IPTG were added. After 5 h of incubation, the cells were harvested and sonicated, and the membrane fractions were used for Western blotting. B, Effects of NaCl in the assay medium on glutamate uptake. C, Effects of sugar, cations, and anions on glutamate uptake. E. coli ME9107 cells containing pTrcHis2C or pApgltS were suspended in 100 mM sodium phosphate buffer, pH 7.0. Glutamate uptake was measured after [U-
14 C] glutamate was added. The [U-14 C] glutamate taken up was measured as described in ''Materials and Methods.'' Each value in B and C shows the average of three independent measurements. At each indicated concentration of NaCl an extra 161 mM Na þ was present, contributed by 100 mM sodium phosphate buffer at pH 7.0. A, Phylogenetic tree. Tree construction using the neighbor-joining method and bootstrap analysis was done with ClustalX using default settings based on amino acid similarities among the proteins. The accession numbers of glutamate transporters are Synechococcus sp. PCC 7002 (SYNPCC7002 A1186), Synechococcus sp. WH7803 (SynWH7803 2145), Prochlorococcus marinus MIT9313 (PMT1553), Synechocystis sp. PCC 6803 (slr0625 and slr1145), Thermosynechococcus elongatus BP-1 (tlr1046), Cyanothece sp. ATCC 51142 (cce 3497), Escherichia coli GltS (AP 004139), E. coli GltP (M84805), Pyrococcus horikoshii Gltph (NP 143181), and Bacillus caldotenax BltTBs (P24944). B, Hydropathy profiles of ApGltS. Hydropathy analysis indicated that ApGltS had 11 transmembrane segments (TMS) with the N-terminus in the periplasm and the C-terminus in the cytoplasm. Position numbers correspond to the residue numbers in ApGltS. Dash boxes indicate pore-loop structures. Upper amino acid residues represent the residues in ApGltS and lower amino acid residues represent the residues in E. coli GltS. The XI transmembrane is missing in E. coli GltS.
cystis sp. PCC 6803 (slr0625), and Thermosynechococcus elongatus BP-1 (tlr1046).
It has been reported that Synechocystis sp. PCC 6803 is unique because it exhibits high glutamate uptake activity. 20, 21) Quintero et al. (2001) 9) found that SygltS (slr1145) and Sygtr (sll1102-4) are involved in glutamate uptake in Synechocystis sp. PCC 6803, but the double mutants of these genes reduced uptake activity only to 40-55% of the wild-type values, suggesting the presence of an additional glutamate uptake system. We were able to identify the SygltS (slr0625) of Synechocystis sp. PCC 6803. Its gene product, SyGltS, probably represents an additional glutamate uptake system with a key role in glutamate uptake in Synechocystis sp. PCC 6803.
The ApGltS in this study might have been a Na þ / glutamate symporter. 9) This is based on indirect evidence showing the dependence of glutamate uptake on the presence of Na þ , and increased uptake was observed upon increasing the concentration of NaCl in the assay medium (Fig. 3B) . To ascertain whether ApGltS is a Na þ /glutamate symporter, further work is needed to identify the binding sites on ApGltS for Na þ and glutamate, including the stoichiometry of their binding.
A. halophytica should be able to thrive well under conditions of low availability of glutamate. ApGltS is a high-affinity glutamate transporter, with a K m value for glutamate of about 5 mM (Fig. 4B ). It has a much higher affinity towards glutamate than other glutamate transporters from cyanobacteria such as SygltS (slr1145) from Synechocystis sp. PCC 6803 (K m ¼ 49 mM) 20) and those analysed using whole cells of Anabaena variabilis (K m ¼ 100 mM) and Anabaena sp. strain 7120 (K m ¼ 500 mM). 22, 23) Only GltS from E. coli B was found to have a similar affinity for glutamate, compared to ApGltS, with a K m of 3.5 mM. Nevertheless, E. coli B GltS was different from ApGltS in at least two respects. With respect to substrate specificity, aspartate and asparagine showed no inhibition of glutamate uptake by E. coli B GltS 4) whereas strong inhibition was observed for ApGltS (Fig. 5B) . Another difference was related to the size of the transporter. E. coli B GltS was smaller than ApGltS, at 42,455 Da for the former 5) and 50,976 Da for the latter in the present study.
The presence of glutamate in the growth medium stimulated A. halophytica growth under high salinity conditions (Fig. 1B) . Under salt stress, A. halophytica contained increased levels of transcripts of ApgltS (Fig. 6A ) and this would presumably lead to an increase in glutamate taken up by the cells under salt stress with exogenous glutamate. We tested to determine whether under this condition intracellular glycine betaine, the osmoprotectant in A. halophytica, 24) increases in comparison to conditions of salt stress but no exogenous glutamate. As expected, the cells under high salinity supplemented with increasing glutamate concentrations showed a much higher content of glycine betaine than those under the same conditions but without glutamate supplementation (Fig. 6B) . Glutamate is probably converted to glycine, a precursor of glycine betaine synthesis, 25) via the glyoxylate pathway by means of glutamate/glyoxylate amino transferase. 26) In conclusion, the present study clearly indicates that ApGltS stimulates growth and confers salt stress tolerance on A. halophytica thriving in high salinity environments with sufficient available glutamate.
